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Introduction {#sec001}
============

Tree trunk increments provide essential information for forest management planning and forest modelling. This is particularly important for the development and calibration of growth models (particularly for allometric equations), selecting tree species for logging and protection, estimating cutting cycles, and describing silvicultural treatments \[[@pone.0230082.ref001]\]. Furthermore, tree trunk increments are often used as an important component of studies examining the response of tree growth to natural variations or anthropogenic changes in the environment, and they can be used to explore the dynamics of a natural forest as well as land use changes \[[@pone.0230082.ref002],[@pone.0230082.ref003]\]. Tree increments vary greatly between and within tree species, as well as in relation to age, season, microclimatic conditions \[[@pone.0230082.ref004]\], and stand density \[[@pone.0230082.ref005]\]. Therefore, conducting measurements for different tree species is necessary along the gradient of climate and site conditions.

Thus far, many types of tree trunk diameter and perimeter measuring instruments and methods have been developed. Accuracy, precision, cost, and operational simplicity are the main properties that differentiate them \[[@pone.0230082.ref006]\]. These methods can initially be divided into two principal categories: destructive and non-destructive. Destructive methods include the use of an increment borer \[[@pone.0230082.ref007]\] while non-destructive methods use callipers and measuring tapes \[[@pone.0230082.ref008]\], rubbery rulers \[[@pone.0230082.ref009]\] and optical dendrometers \[[@pone.0230082.ref006],[@pone.0230082.ref010]\].

The rapid development of technologies able to create three-dimensional (3D) point clouds has generated additional data sources for measurements of tree parameters \[[@pone.0230082.ref011]\]. The primary acquisition methods for obtaining the 3D data including magnetic motion tracking, terrestrial laser scanning (TLS), and terrestrial structure from motion (SfM) photogrammetry \[[@pone.0230082.ref012]\]. Magnetic motion tracking can precisely reconstruct a tree trunk surface \[[@pone.0230082.ref013]\]. However, the device must be moved near to the tree trunk by an operator. Therefore, the upper parts of a trunk are difficult to obtain and the whole process is highly time-consuming. TLS is a technique that has been investigated for forestry usage for approximately 20 years \[[@pone.0230082.ref014]\]. This method can be used to derive tree parameters including the diameter at breast height (DBH), trunk volume, height, and crown parameters, among others \[[@pone.0230082.ref015]--[@pone.0230082.ref017]\]. Moreover, TLS uses an active sensor in the form of a laser beam. The alternative technique with a passive sensor is SfM photogrammetry, which automatically reconstructs objects based on two-dimensional digital images \[[@pone.0230082.ref018]\]. Compared to magnetic motion tracking and TLS, the terrestrial SfM photogrammetry method offers a low-cost and less time-consuming solution \[[@pone.0230082.ref019]\].

Several authors have used terrestrial SfM photogrammetry to reconstruct trees within plots \[[@pone.0230082.ref020]--[@pone.0230082.ref025]\] while others focused on individual trees \[[@pone.0230082.ref012],[@pone.0230082.ref019],[@pone.0230082.ref026]--[@pone.0230082.ref029]\]. The root mean square error (RMSE) of the DBH estimation is generally more accurate for studies focused on individual trees, where the RMSE is mainly \< 1 cm; whereas, for those in which whole plots are reconstructed, the RMSE is a couple of centimetres.

To the best knowledge of the authors, a study is yet to be published focusing on tree trunk increment estimations from image-based point cloud, by the date of the submission of this manuscript. Meanwhile, the possibility of estimating tree trunk increments from TLS-based point clouds has been researched by several authors \[[@pone.0230082.ref030]--[@pone.0230082.ref032]\]. Mengesha, Hawkins, and Nieuwenhuis \[[@pone.0230082.ref030]\] focused on the two-year volume increments of a forest stand of Sitka spruce. They found that the volume increment from the TLS estimation was only 6% (4.77 m^3^ ha^-1^) different from conventional measurements, when only visible trees for TLS were included. Luoma et al. \[[@pone.0230082.ref032]\] used TLS to estimate the 9-year changes of tree volume and taper. They proved the possibility of detecting the volume increment from TLS-based point clouds within such a period. Both studies focused on tree increments based on the volume as the main attribute. The use of volume to detect increments should have an advantage, while in theory, multiple perimeters are included in the whole volume, then the random error from estimation can be decreased.

The aim of this study is to explore the potential of terrestrial SfM photogrammetry to estimate annual tree trunk increments of individual trees, based on their perimeters and diameters. Our hypothesis is that terrestrial SfM photogrammetry will not be capable of detecting annual tree trunk increments of mature trees due to the high variability of the estimation error, which will be larger than the size of the annual trunk increments of mature trees. Two conventional methods were used to compare the results from terrestrial SfM photogrammetry: measuring tape (perimeter) and increment borer (diameter). Furthermore, the influence of four tree species and three different heights on the tree trunks were investigated.

Methods {#sec002}
=======

Data acquisition using the measuring tape and terrestrial SfM photogrammetry were repeated two times during the year of 2017. The first was performed during March (before-vegetation season), while the second was performed during November (after-vegetation season). We followed the same data acquisition procedures in both periods. The trunk core acquisition by the increment borer was conducted in 2018. After the data acquisition images were processed to point clouds, the perimeters of the trunks were estimated at three different height levels. Next, the annual increments were calculated and compared to evaluate the possibility of using terrestrial SfM photogrammetry for annual trunk increment estimation. A diagram of the detailed workflow is shown in [Fig 1](#pone.0230082.g001){ref-type="fig"}.

![Diagram of the full workflow.](pone.0230082.g001){#pone.0230082.g001}

Study site {#sec003}
----------

The forest stands where the target trees are situated represent mainly *Fagus sylvatica* L. (beech), *Quercus petraea* (Matt.) Liebl. (oak), *Picea abies* (L.) H. Karst (spruce), and *Abies alba* Mill (fir). These tree species were chosen for the research experiment and 10 trees from each species were selected. The positions of the trees within the forest stands are shown in [Fig 2](#pone.0230082.g002){ref-type="fig"}. The geographical coordinates of the centre point of each tree species cluster are as follows: beech (48.646389, 19.0425), oak (48.627778, 19.043611), spruce (48.625833, 19.045278), and fir (48.646111, 19.041667). The ages varied from 55 to 80 years. Each tree species was situated in the same forest stand. Additionally, trees of the same species were of the same age. No specific permissions were required for measurements at research plots locations. All research plots were within the University Forest Enterprise of Technical University in Zvolen which are available for research activities and specific permission was not required. Field studies did not involve endangered or protected species.

![Study sites with positions of trees within the forest stands.](pone.0230082.g002){#pone.0230082.g002}

Conventional measurements {#sec004}
-------------------------

We used two conventional methods to measure the annual trunk increments. First, we used a measuring tape to measure the trunk perimeters before- and after-vegetation season. The tree trunk perimeters were measured at three height levels of 0.8, 1.3, and 1.8 m. We paired the measurements from after- and before-vegetation season and subtracted them to calculate the annual trunk increments. Second, we used an increment borer to collect the trunk cores at a height of 1.3 m on trunks in four different directions, and from each collected core, the diameter increments for the year 2017 were recorded. The final annual trunk increment was calculated as an average of the four collected increments.

Image acquisition {#sec005}
-----------------

Ahead of image capturing, we placed 8-bit markers for scaling purposes on the ground; two markers on one paper. Furthermore, an additional marker was placed on the carbon pole to serve the Z-axis orientation. A digital single-lens reflex camera, Canon 70D (Canon Inc., Tokyo, Japan), equipped with a Canon EF 8--15 mm f/4L Fisheye USM, was used to capture the images. The camera has a CMOS sensor and 20.2-megapixel resolution. The lens was fixed to 15 mm. The fisheye lens proved to provide accurate results as well as a shorter acquisition time compared with the non-fisheye lens \[[@pone.0230082.ref019]\]. A circular-shaped imagery path with a 3-m radius was used. The operator followed this path around a tree and captured images approximately every 0.5 m. Further details on the data acquisition can be found in \[[@pone.0230082.ref019]\]. The image acquisition was performed in two periods together with the perimeter measurements using the measuring tape (March and November 2017).

Image-based point cloud generation {#sec006}
----------------------------------

Post-processing of images was conducted with the Agisoft Photoscan Professional 1.2.6 software (Agisoft LCC, St. Petersburg, Russia). The images were processed into scaled and oriented point clouds separately within chunks ([Fig 3](#pone.0230082.g003){ref-type="fig"}). Each chunk corresponded to one individual tree. The images were aligned with the automatic camera calibration. The alignment settings in which each image is compared to another within the chunk were used in full resolution. The markers were automatically after the alignment. On each piece of A4 paper were two markers of fixed distances. These distances were used to scale the tie point clouds. We began with pairing markers that share the piece of A4 paper and continued with setting a scale. The distance between the centres of the markers was 14.2 cm. The markers placed on the carbon pole were used to set the orientation of the Z-axis. Subsequently, the dense point cloud was generated and exported to .txt format.

![Examples of dense point clouds of each tree species: Beech, fir, oak, and spruce (starting from the left, respectively).](pone.0230082.g003){#pone.0230082.g003}

Tree perimeter estimation from image-based point cloud {#sec007}
------------------------------------------------------

The cross-sections at 0.8, 1.3, and 1.8 m were created using the DendroCloud software \[[@pone.0230082.ref033],[@pone.0230082.ref034]\]. To "cut" the cross-sections at different levels, a digital elevation model (DEM) was generated. The grid size of the DEM was set at 0.5 m. The point with the lowest Z-value was assigned to each cell. Based on the DEM, the initial cross-section at 1.3 m with a 2-cm thickness was generated. The points within the cross-section were spatially grouped to identify the trunk points. To calculate the initial diameter and position of a tree, we used the least-squares fitting of circles algorithm \[[@pone.0230082.ref015]\]. Based on the obtained position and diameter, we calculated the normalized DEM around the tree and generated multiple cross-sections at the desired heights (0.8, 1.3, and 1.8 m). After, the points at each height were spatially grouped; each tree had three grouped cross-sections. We exported the acquired results into .csv format and then imported them into the ArcGIS for Desktop software (Environmental Systems Research Institute, Redlands, CA, USA). Within ArcGIS for Desktop, the convex hull algorithm was applied by the module Minimum Bounding Geometry to calculate the perimeter. Altogether, 240 perimeters were calculated. Furthermore, all perimeters were divided by *π* to obtain the diameters. Then, the diameters were used to compare the increments with the results from the increment borer. Finally, we paired the estimated perimeters and diameters from after- and before-vegetation season and subtracted them to calculate the annual increment.

Results evaluation {#sec008}
------------------

First, the perimeter estimation error was calculated as the difference between the measurement tape perimeters and estimated perimeters from the terrestrial SfM photogrammetry. We calculated the RMSE and relative RMSE (RMSE%) of the perimeter estimations for each tree species at the three height levels of the measurements.

Furthermore, multiple t-tests were conducted to detect the statistically significant difference between the annual tree increments calculated from the conventional measurements and from the terrestrial SfM photogrammetry.

Furthermore, the effect size was calculated to show the magnitude of the difference between the conventional measurements and estimations from the terrestrial SfM photogrammetry of the perimeters and annual increments. We used Cohen's *d* effect size \[[@pone.0230082.ref035]\] and expanded the scale of magnitude: very small-0.01, small-0.20, medium-0.50, large-0.80, very large-1.20, huge-2.0 \[[@pone.0230082.ref036]\].

Finally, the annual trunk increments obtained from the trunk cores via the measurement tape and the terrestrial SfM photogrammetry were compared. We also compared the average annual trunk increments for each tree species. The RMSE of the annual trunk increments was calculated from the measuring tape and the terrestrial SfM photogrammetry methods toward the annual trunk increments from the trunk cores collected using the increment borer.

Results {#sec009}
=======

Perimeter estimation accuracy {#sec010}
-----------------------------

First, the RMSE of the perimeter estimations was calculated for both datasets (before- and after-vegetation season). Altogether, 40 trees (10 trees of 4 tree species) were measured and estimated at three different heights. The lowest RMSE was achieved for beech in both data acquisitions and at almost all heights (except before-vegetation season at 1.8-m height). Meanwhile, oak had the highest RMSE in almost all cases. In general, the RMSE varied from 0.25 to 1.32 cm ([Table 1](#pone.0230082.t001){ref-type="table"}).

10.1371/journal.pone.0230082.t001

###### Root mean square error (RMSE) (cm) of perimeter estimation from terrestrial SfM photogrammetry.

![](pone.0230082.t001){#pone.0230082.t001g}

            Before-vegetation season   After-vegetation season                                                        
  --------- -------------------------- ------------------------- ------ ------ ---------- ------ ------ ------ ------ ----------
  80        0.39                       0.56                      0.97   0.55   0.65       0.42   1.04   1.32   1.02   1.01
  130       0.25                       0.31                      1.20   0.75   0.74       0.42   1.17   0.62   0.97   0.84
  180       0.57                       0.42                      1.06   0.76   0.74       0.28   0.48   0.60   1.28   0.76
  Overall   0.42                       0.44                      1.08   0.69   **0.71**   0.38   0.94   0.91   1.10   **0.88**

Different orders of the RMSE% can be seen corresponding to the tree species. This is caused by the different sizes of the average perimeters between tree species. The RMSE% varied through all datasets from 0.24% to 0.91% ([Table 2](#pone.0230082.t002){ref-type="table"}).

10.1371/journal.pone.0230082.t002

###### Relative RMSE (%) of perimeter estimation.

![](pone.0230082.t002){#pone.0230082.t002g}

            Before-vegetation season   After-vegetation season                                      
  --------- -------------------------- ------------------------- ------ ------ ------ ------ ------ ------
  80        0.45                       0.42                      0.63   0.32   0.47   0.76   0.85   0.58
  130       0.30                       0.24                      0.84   0.47   0.49   0.91   0.42   0.61
  180       0.71                       0.35                      0.77   0.50   0.34   0.39   0.43   0.84
  Overall   0.51                       0.35                      0.75   0.43   0.44   0.73   0.62   0.67

The effect sizes between the estimation errors of the before- and after-vegetation season datasets of each tree species were calculated and separated into categories based on \[[@pone.0230082.ref036]\]. The effect size of spruce was very small (0.019), those of beech and fir were small (0.284 and 0.482), while that of oak was very large (1.240). Furthermore, [Fig 4](#pone.0230082.g004){ref-type="fig"} shows the correlation coefficients together with linear regression lines. It can be seen that beech had the highest correlation between the errors of datasets measured before- and after-vegetation season (*r* = 0.5006).

![Scatterplot of estimation errors before- and after-vegetation season.\
The correlation coefficients of each tree species are reported and a linear regression line with 95% confidence bands is implemented.](pone.0230082.g004){#pone.0230082.g004}

Annual perimeter increment estimation {#sec011}
-------------------------------------

[Table 3](#pone.0230082.t003){ref-type="table"} shows the perimeter increments calculated from the data obtained by measurement tape and then estimated using the terrestrial SfM photogrammetry; they vary from 0.9 to 2.4 cm and from 0.9 to 2.5 cm, respectively. The annual trunk increments from both methods were compared by the paired t-test and separated according to tree species. There was no significant difference between the tree trunk increments for fir (*p*-value = 0.057), beech (*p*-value = 0.130), and spruce (*p*-value = 0.935). Whereas, oak had a statistically significant difference between the annual trunk increments (*p*-value = 0.000003). The detailed results of the t-tests are shown in the [S1 Appendix](#pone.0230082.s001){ref-type="supplementary-material"}. The effect sizes between the annual trunk increments obtained using the measuring tape and the terrestrial SfM photogrammetry for each tree species are as follows: the effect size of spruce was very small (0.017), those of beech and fir was small (0.290 and 0.401), and that of oak was large (1.152).

10.1371/journal.pone.0230082.t003

###### Average annual increment (cm) for tree species separated by height on the tree trunk calculated from conventional measurement data and from terrestrial SfM photogrammetry (estimation).

![](pone.0230082.t003){#pone.0230082.t003g}

            Measuring tape   Terrestrial SfM photogrammetry                                 
  --------- ---------------- -------------------------------- ----- ----- ----- ----- ----- -----
  80        2.4              1.4                              1.2   1.8   2.0   1.3   2.5   1.6
  130       1.6              1.2                              1.0   1.0   1.5   1.1   2.0   1.4
  180       1.8              1.2                              0.9   1.1   1.4   0.9   1.7   1.1
  Average   2.0              1.2                              1.1   1.4   1.6   1.1   2.1   1.4

The annual increments obtained using the measurement tape and the terrestrial SfM photogrammetry are shown in [Fig 5](#pone.0230082.g005){ref-type="fig"} together with the correlation coefficients. Overall, beech had the strongest correlation (*r* = 0.5172).

![Scatterplot of perimeter increments calculated from the reference data and from terrestrial SfM photogrammetry.\
The correlation coefficients of each tree species are reported and a linear regression line with 95% confidence bands is implemented.](pone.0230082.g005){#pone.0230082.g005}

Core diameter increments {#sec012}
------------------------

[Table 4](#pone.0230082.t004){ref-type="table"} shows a comparison of the increments from all three approaches used. Beech had the lowest difference between the conventional methods and the terrestrial SfM photogrammetry. Meanwhile, oak had the highest.

10.1371/journal.pone.0230082.t004

###### Comparison of average annual trunk increments (mm) for each tree species calculated from trunk cores, measuring tape, and terrestrial SfM photogrammetry.

![](pone.0230082.t004){#pone.0230082.t004g}

          Beech   Fir   Oak   Spruce   Overall
  ------- ------- ----- ----- -------- ---------
  Borer   1.6     1.9   1.6   1.2      1.6
  Tape    1.8     2.7   1.9   1.7      2.0
  SfM     1.8     2.4   3.1   2.2      2.4

Additionally, we calculated the RMSE of the annual trunk increments obtained from the measuring tape and the terrestrial SfM photogrammetry toward the annual trunk increments obtained from the collected cores by the increment borer. The RMSE varied from 0.4 to 0.9 mm and from 0.7 to 2.1 mm, respectively ([Table 5](#pone.0230082.t005){ref-type="table"}).

10.1371/journal.pone.0230082.t005

###### RMSE (mm) of annual trunk increment estimations of measuring tape and terrestrial SfM photogrammetry methods.

![](pone.0230082.t005){#pone.0230082.t005g}

         Beech   Fir   Oak   Spruce   Overall
  ------ ------- ----- ----- -------- ---------
  Tape   0.4     0.9   0.6   0.6      0.7
  SfM    0.7     1.5   2.1   1.9      1.6

The Pearson product-moment correlation coefficient was computed to assess the relationships between the increments obtained from the trunk cores and measuring tape, and the increments from the trunk cores and terrestrial SfM photogrammetry. There was a positive correlation in both cases, *r* = 0.7406 and *r* = 0.6501, respectively ([Fig 6](#pone.0230082.g006){ref-type="fig"}).

![Scatterplot of annual trunk increments calculated from the measuring tape data and from terrestrial SfM photogrammetry compared to increments collected by the increment borer.\
In both, the correlation coefficients are reported and a linear regression line with 95% confidence bands is implemented.](pone.0230082.g006){#pone.0230082.g006}

Discussion {#sec013}
==========

Annual trunk increments have been increasingly used across the globe to investigate the growth-climate relationships of trees to advise forest policy when seeking adaptation measures to better prepare for predicting climate change in the future. Terrestrial SfM photogrammetry is a technique that provides the possibility to construct a 3D model of trees with high accuracy and precision. It has the advantages of flexibility and relatively low-cost hardware. However, the question remains of whether terrestrial SfM photogrammetry is capable of detecting annual tree trunk increments. To address this, we established an experiment to investigate the possibility of detecting the annual increments within commonly grown trees at mature ages. The main factor that influenced the estimation accuracy between the tree species was the bark surface. Beech had the lowest RMSE of perimeter estimation and the highest conformity with conventional measurements. Meanwhile, oak had the highest RMSE of perimeter estimation and the highest Cohen effect size. In addition, it was the only tree species with confirmed differences, by the t-test, between the increments derived using the measuring tape and terrestrial SfM photogrammetry. Furthermore, the perimeter estimation accuracy of terrestrial SfM photogrammetry was very high for all tree species; the relative RMSE did not exceed 1% in all cases.

Overall, studies focused on individual tree modelling using terrestrial SfM photogrammetry have achieved high accuracy \[[@pone.0230082.ref012],[@pone.0230082.ref019]\]. The accuracy of diameter or perimeter estimations decreases rapidly when the object of the study is a forest stand and multiple trees are reconstructed at once \[[@pone.0230082.ref020],[@pone.0230082.ref022],[@pone.0230082.ref037]\]. In future, to determine the tree increment of multiple trees at once, the possibility of increasing the estimation accuracy of the diameter or perimeter should be investigated.

In this study, a measuring tape was used to measure the reference perimeters and, based on the measurements, the annual tree trunk increment was calculated. The measuring tape has a high accuracy for individual tree trunk perimeter measurements \[[@pone.0230082.ref019],[@pone.0230082.ref038]\]. However, an issue remains regarding the accuracy achieved for repeated measurements, particularly for tree trunk increments. An increment borer, used to collect wood cores, was also used. The reason for the use of the trunk cores for the annual trunk increments is based on the assumption that it should produce results nearest the data source to measure the most realistic trunk increments.

To better discuss the accuracy of terrestrial SfM photogrammetry to measure the annually resolved diameter increments revealed by our study, we used an extensive database of tree-ring samples collected within the Slovakian National Forest Inventory \[[@pone.0230082.ref039]\]. We used this database to quantify the potential variability in radial increments across a wide range of ecological conditions and forest management interventions. The large variability, shown in [Fig 7](#pone.0230082.g007){ref-type="fig"}, suggests the great potential of the terrestrial SfM photogrammetry in some parts of forests to be used for quantification of the annually resolved diameter increment. Our assumption is base on the RMSE of perimeter estimation presented. However, a significant part of forests remains unsuitable for measurements using the available terrestrial SfM photogrammetry employed with the current accuracy.

![Diameter increments at breast height measured from tree-ring samples collected from European beech, silver fir, Norway spruce, and Oak sp. trees within the Slovakian National Forest Inventory in 2015--2016.\
Line is based on relative RMSE achieved in our research and it is linked to DBH and annual increment.](pone.0230082.g007){#pone.0230082.g007}

Conclusion {#sec014}
==========

In our research we focused on the possibility of estimating annual trunk increments by terrestrial SfM photogrammetry. We found, based on the accuracy and size of the error, that this method is not suitable for small increments. Furthermore, the suitability of this method is even less for tree species with rugged bark, for example oak. Overall, the annual trunk increments for all tree species (European beech, silver fir, Norway spruce, and oak) at all height levels (0.8, 1.3, and 1.8 m) varied from 1.0 to 2.4 cm when measured using the measuring tape. Meanwhile, the RMSE of the annual trunk increment varied from 0.25 to 1.32 cm.

A question also remains regarding the accuracy of all the methods used. The annual trunk increments derived from the measuring tape also introduced some error (compared with the increment borer results), which disqualifies the method from usage in some cases. Additionally, the accuracy of the increment borer method presents another problem. In future research, these doubts should be addressed, and we suggest measuring annual trunk increments by a fully destructive method in which the trunk is harvested and whole cross-sections are analysed to derive the increment around the whole trunk perimeter. Furthermore, the use of terrestrial SfM photogrammetry to estimate the annual trunk increment at the highest levels on a trunk should be investigated.

Supporting information {#sec015}
======================

###### 

(DOCX)

###### 

Click here for additional data file.

10.1371/journal.pone.0230082.r001

Decision Letter 0

Van Stan II

John Toland

Academic Editor

© 2020 John Toland Van Stan II

2020

John Toland Van Stan II

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

3 Dec 2019

PONE-D-19-29708

Non-destructive monitoring of annual trunk increments by terrestrial structure from motion photogrammetry

PLOS ONE

Dear Dr. Mokros,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

==============================

Both reviewers require substantial revisions before the manuscript can be properly reviewed. After reviewing the manuscript as well, I agree that the methods require (i) greater detail and (ii) improved writing to clarify existing statements. Indeed, there are cases in the methods description where one would need to guess what has been done. On the bright side, both reviewers believe the work has the potential to be of high interest to a broad readership.

==============================

We would appreciate receiving your revised manuscript by Jan 17 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

John Toland Van Stan II, Ph.D.

Academic Editor

PLOS ONE

Journal Requirements:

1\. When submitting your revision, we need you to address these additional requirements.

Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2\. In your Methods section, please provide additional location information, including geographic coordinates for the data set if available.

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: General comment

The authors conducted a research on monitoring and accuracy assessment of annual trunk increments by terrestrial structure from motion photogrammetry. First, 240 perimeters of four tree species were measured by tape on three height level (0.8 m, 1.3 m and 1.8 m). Then, these perimeters were estimated by terrestrial structure from motion (SfM) photogrammetry techique. All data monitored from after-and before-vegetation season were used to calculate the annual increment. The paired t-test was used to confirm the statically significant difference between annual tree increments calculated from conventional measurements and from terrestrial SfM photogrammetry. Finally, the accuracy assessment of annual trunk increments determined by tape and terrestrial SfM photogrammetry were compared to results measured by increment borer method. Authors remarked "a significant part of forests remains unsuitable if the available terrestrial SfM photogrammetry were to be employed with current accuracy".

Here I would like offer some comments as follows

Major comments:

1\. Please add a flow chart of experimental steps in Methodology section (consist of image processing, results evaluation and accuracy assessment).

2\. In Table 1, could you add mean of perimeter estimated from terrestrial SfM at each height level of four tree species?

3\. From line 208 to line 217, the paired t-test was used for evaluating both results, please provide more detail of each tree (t=?, df=?, 95% confidence interval=?).

4\. From line 305 to line 309. Could you show clearly a suitable or unsuitable part if the terrestrial SfM photogrammetry were applied in Fig. 6. Also, please make a legend of blue points and red area in Fig.6.

5\. Please add conclusion section to reveal that the results archived from terrestrial SfM photogrammetry can or NOT be used for monitoring the annual tree increments based on accuracy assessment. And could the terrestrial SfM photogrammetry technique is replaced by the tape measurement?

Minor comments:

6\. Line 260. Term "reconstruct of trees" can be replaced by "construct 3D model of trees".

7\. Line 267. Term "worst RMSE" can be replaced by "highest RMSE".

8\. From line 273 to line 287. Please move to introduction section.

9\. I am not an English native speaker but I think the manuscript should be checked by an English native speaker.

Reviewer \#2: The paper presents an application of structure from motion photogrammetry for measuring trunk diameter increments. This work is novel as it is the first example of measuring trunk increments using a photogrammetric approach and is likely to be of interest to the readers of Plos One.

The paper requires significant improvement in the writing and general presentation before being published. A number of sections are difficult to interpret. For example, the word distract is used instead of subtract in line 110, and units are missing throughout. Nevertheless, the novelty of the work and methods used appear to be sound as such I recommend minor revisions.

Other comments,

1\. Some of the methods are not fully described, for example,

\- line 146 \"To calculate initial diameter and position of the tree we used the circle fitting algorithm \[15\].\" The circle fitting method is not outlined and reference 15 is a comparison of multiple methods.

\- line 153, how was the diameter derived from the polygon?

2\. Figure 2 should provide a scale bar for each point cloud

3\. The results often repeat the methods

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: Yes: Nguyen Van Trung

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0230082.r002

Author response to Decision Letter 0

21 Jan 2020

Dear John Toland Van Stan II,

Thank you very much for your time and effort. We have answered all questions and comments raised by you and both reviewers.

Editor comment: Both reviewers require substantial revisions before the manuscript can be properly reviewed. After reviewing the manuscript as well, I agree that the methods require (i) greater detail and (ii) improved writing to clarify existing statements. Indeed, there are cases in the methods description where one would need to guess what has been done. On the bright side, both reviewers believe the work has the potential to be of high interest to a broad readership.

Response: We have edited the methods to bring more light to the workflow. Also diagram of whole workflow was added as reviewer 1 suggested. Furthermore we have sent the manuscript to English editing service.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

Dear Nguyen Van Trung (Reviewer 1),

thank you very much for your time and effort. Your comments were beneficial and important for our manuscript. In following section, we have answered all your comments and edited our manuscript based on them.

Reviewer \#1: General comment

The authors conducted a research on monitoring and accuracy assessment of annual trunk increments by terrestrial structure from motion photogrammetry. First, 240 perimeters of four tree species were measured by tape on three height level (0.8 m, 1.3 m and 1.8 m). Then, these perimeters were estimated by terrestrial structure from motion (SfM) photogrammetry techique. All data monitored from after-and before-vegetation season were used to calculate the annual increment. The paired t-test was used to confirm the statically significant difference between annual tree increments calculated from conventional measurements and from terrestrial SfM photogrammetry. Finally, the accuracy assessment of annual trunk increments determined by tape and terrestrial SfM photogrammetry were compared to results measured by increment borer method. Authors remarked "a significant part of forests remains unsuitable if the available terrestrial SfM photogrammetry were to be employed with current accuracy".

Here I would like offer some comments as follows

Major comments:

Comment 1: Please add a flow chart of experimental steps in Methodology section (consist of image processing, results evaluation and accuracy assessment).

Response 1: The flow chart is now a part of a manuscript. Thank you.

Comment 2: In Table 1, could you add mean of perimeter estimated from terrestrial SfM at each height level of four tree species?

Response 2: The column for overall RMSE for height level was added.

Comment 3: From line 208 to line 217, the paired t-test was used for evaluating both results, please provide more detail of each tree (t=?, df=?, 95% confidence interval=?).

Response 3: The detailed results from t-test are now submitted as S1 appendix and cited in the section.

Comment 4: From line 305 to line 309. Could you show clearly a suitable or unsuitable part if the terrestrial SfM photogrammetry were applied in Fig. 6. Also, please make a legend of blue points and red area in Fig.6.

Response 4: The figure was edited. The colour represent kernel density level. The colour was changed and we have added a line based on RMSE of perimeter estimation. The section was edited accordingly. Thank you

Comment 5: Please add conclusion section to reveal that the results achieved from terrestrial SfM photogrammetry can or NOT be used for monitoring the annual tree increments based on accuracy assessment. And could the terrestrial SfM photogrammetry technique is replaced by the tape measurement?

Response 5: Conclusion is now part of the manuscript. The question raised has been answered. Thank you.

Minor comments:

Comment 6: Line 260. Term "reconstruct of trees" can be replaced by "construct 3D model of trees".

Response 6: Changed.

Comment 7: Line 267. Term "worst RMSE" can be replaced by "highest RMSE".

Response 7: Changed.

Comment 8: From line 273 to line 287. Please move to introduction section.

Response 8: Section was moved.

Comment 9: I am not an English native speaker but I think the manuscript should be checked by an English native speaker.

Response 9: We have sent the manuscript to English editing service. Certificate is also submitted.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

 

Reviewer 2

Dear Reviewer 2,

thank you very much for your comments. In following section, we have answered all your comments and edited our manuscript based on them.

The paper presents an application of structure from motion photogrammetry for measuring trunk diameter increments. This work is novel as it is the first example of measuring trunk increments using a photogrammetric approach and is likely to be of interest to the readers of Plos One.

The paper requires significant improvement in the writing and general presentation before being published. A number of sections are difficult to interpret. For example, the word distract is used instead of subtract in line 110, and units are missing throughout. Nevertheless, the novelty of the work and methods used appear to be sound as such I recommend minor revisions.

Response:

As we have mentioned above the we sent manuscript to English editing. Furthermore the workflow of whole methodology was added to make it more clear.

Other comments,

Comment 1: Some of the methods are not fully described, for example,

\- line 146 \"To calculate initial diameter and position of the tree we used the circle fitting algorithm \[15\].\" The circle fitting method is not outlined and reference 15 is a comparison of multiple methods.

Response 1: Clarification has been added. The section was rewritten to bring more light to the workflow.

Comment 2: - line 153, how was the diameter derived from the polygon?

Response 2: We have recalculated the diameter from perimeter. The clarification was added within the section. Thank you.

Comment 3: Figure 2 should provide a scale bar for each point cloud

Response 3: Scale for each point cloud for all three axis was added.

Comment 4: The results often repeat the methods

Response 4: The results section was edited in a way to decrease the repetition.

###### 

Submitted filename: Response to Reviewers.docx

###### 

Click here for additional data file.
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21 Feb 2020
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PONE-D-19-29708R1

Dear Dr. Mokros,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

John Toland Van Stan II, Ph.D.

Academic Editor

PLOS ONE

Additional Editor Comments:

The revised manuscript has addressed reviewer concerns. In particular, the revisions clarified the methodological elements and the overall workflow, and highlighted key findings/limitations throughout (including the addition of a formal conclusions section).

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: All comments have been addressed. Therefore, the second revised manuscript was accepted for publication in PLoS ONE.

Reviewer \#2: The authors have done a good job in addressing my initial concerns. The paper is now suitable for publication.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: Yes: Nguyen Van Trung

Reviewer \#2: No
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Dear Dr. Mokroš:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.

With kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. John Toland Van Stan II

Academic Editor

PLOS ONE
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